Previous studies suggest that the chorda tympani nerve (CT) is important in transmitting fat taste information to the central nervous system. However, the contribution of the CT in this process may depend upon the presence of other taste stimuli and/or differ in males and females. Accordingly, the present study investigated the role of the CT in free fatty acid taste processing by examining electrophysiological activity of the CT in response to the free fatty acid, linoleic acid (LA), as well as by measuring behavioral responses to LA-taste mixtures. We recorded whole nerve responses from the CT in response to lingual application of LA with or without monosodium glutamate (MSG) in anesthetized male and female rats. In addition, we examined preferences for MSG + LA taste mixtures in behavioral tests. Although lingual application of LA alone did not produce CT whole nerve responses, co-application of LA and MSG elicited greater CT responses than did MSG alone. These findings were paralleled by greater preferences for MSG + LA taste mixtures than for MSG alone. In both cases, the effect was particularly pronounced in male rats. Thus, LA enhances CT activity and behavioral responses to LA + MSG taste mixtures, though there are sex differences in the effects. These results suggest that CT input is important in mediating behavioral responses to fat taste, but the effects depend upon other taste stimuli and differ in males and females.
INTRODUCTION
As obesity reaches epidemic proportion in the US and in other developing countries, efforts are made to reduce, if not eliminate, fats from the diet. However, fats have critical biological functions, from nerve conduction to reproduction. Importantly, fats-and in particular, essential free fatty acids (FFAs)-must be obtained from the diet, as they cannot be synthesized by the body. Thus, the detection of FFAs in food is necessary for survival. Conventional wisdom holds that dietary fats are detected by textural or olfactory attributes, a proposal supported by both personal experience and substantial research (e.g., 16, 32, 43, 56) ; however, rats can discriminate between different kinds of oils in behavioral tests (36) and prefer fat solutions even when texture and olfaction are minimized (19) . In fact, increasing evidence suggest that FFAs may be the prominent feature in the detection of ingested fats. Rats' preferences for fat solutions are greatly reduced by the addition of a lipase inhibitor (31) , which prevents the breakdown of ingested fats, and rats demonstrate a robust preference for FFAs (31) . More importantly, ingested fats are rapidly (within 1-5s) broken down into FFAs in the oral cavity by lingual lipase (31) , suggesting that FFAs, themselves, have taste qualities. Neither texture nor smell appears to be necessary for FFA discrimination by rats, as FFAs have minimal viscosity (42) and olfactory bulbectomy does not affect the ability to discriminate FFAs at very low concentrations (53) .
These results suggest that FFAs activate taste receptor cells (TRCs) located on the tongue, though the mechanism by which this activation occurs remains the subject of ongoing investigations. It has been postulated that TRC activation by FFAs involves an intracellular transduction cascade that is attributable to an increase in intracellular Page 3 of 41 FFAs, rather than FFA binding to membrane receptor proteins. This possibility is supported by the ready entry of FFAs into cells (25) ; however, an alternative possibility involves the fatty acid transporter/translocase CD36, which is localized to taste buds of the gustatory epithelium (18) and recently was implicated in TRC activation based on genetic and behavioral studies in mice (38) .
In contrast to the developing evidence for the detection of FFAs in the oral cavity and the cellular effects of FFAs in TRC responses, little is known about the peripheral neural pathways that transmit fat taste information to the CNS, and thereby mediate behavioral responses. Work from our laboratory (55) and others (42) show that male rats can discriminate low concentrations of the essential free fatty acid, linoleic acid (LA), from water; however, when the CT is transected bilaterally (CTX), rats are unable to discriminate LA from water until the LA concentration is substantially greater.
Interestingly, female rats have a lower discrimination threshold for LA taste than do male rats (55; see also 46) , and their ability to detect LA also is affected by CTX. In fact, CTX shifts the LA discrimination threshold to the same LA concentration in female and male rats, so the magnitude of the shift in LA detection after CTX is greater in females.
Taken together, these results suggest that the CT is important in transmitting fat taste information to the CNS in both males and females and that the CT may be more important for fat taste discrimination in females.
Surprisingly, then, our recent study (2) found that neurons in the geniculate ganglion, the location of the cell bodies of CT gustatory sensory neurons, are unresponsive to lingual LA stimulation. It should be noted that those extracellular recordings were exclusively from male rats. Thus, the apparent discrepancy between Page 4 of 41 the effect of CT on LA detection thresholds and the lack of responses by CT neurons to LA stimulation may be explained, in part, by sex differences in gustatory responses.
There is an important methodological difference between behavioral and physiological studies of taste function that raises an intriguing alternative explanation. It is standard practice during electrophysiological recording to apply taste stimuli only after prolonged water rinses thereby placing taste receptors in an environment completely devoid of the complex chemical background of saliva naturally present in behavioral studies. With this in mind, FFAs may be an effective taste stimulus only when combined with other chemical molecules, perhaps saliva or even better other taste stimuli. Consistent with this idea, our recent study (55) showed that LA-sucrose taste mixtures elicited greater behavioral responses than did sucrose alone. Electrophysiological studies of isolated TRC (23) suggest that LA stimulation results in prolonged neurotransmitter release, which provides further support for this idea.
Accordingly, the present study examined the role of the CT in interactions between LA and other taste stimuli in male and female rats using both behavioral tests and electrophysiological recordings from the CT. Based on our previous work showing that LA enhances behavioral taste responses to sucrose (55) , and the idea that salivary sodium influences responses to LA, we hypothesized that interactions between LA and other taste stimuli are not limited to one taste quality. Therefore, we combined LA with a more complex taste stimulus to maximize electrophysiological responses and to better evaluate behavioral responses. More specifically, we mixed LA with monosodium glutamate (MSG). MSG is a classic stimulus for umami taste (34, 45, 49, 61) and is known to activate the T1R1 + 3 receptor (44, 63) . In addition to umami, behavioral Page 5 of 41 studies indicate that MSG also has sweet and salty components. Rats cannot distinguish between sucrose and MSG when the sodium taste of MSG is reduced using the sodium channel blocker amiloride (29) . Moreover, an aversion conditioned to the taste of MSG generalizes to sweet stimuli when amiloride is added (60), but to NaCl when amiloride is not added (61) . Thus, use of LA-MSG taste mixtures allows us to extend our previous studies of sex differences in behavioral responses to the taste of LA including combinations of fat and umami, salt and sweet. At the same time, evaluation of the role of the CT in LA taste responses to combinations of LA and MSG will further understanding of the peripheral gustatory pathways that transmit LA taste information to the CNS.
.
METHODS

Subjects.
Age-matched adult male and female Sprague-Dawley rats (Charles River Laboratory) weighing 200-375g at the beginning of testing were individually housed in a temperature-controlled (72GF) room and maintained on a 12:12-h light-dark cycle with lights on at 07:00 h. Rats were given ad libitum access to Purina rodent chow (#5001) and water, except where noted. The Institutional Animal Care and Use Committee at Florida State University approved all procedures.
Chemicals.
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Reagent grade chemicals were refrigerated and protected from light. Due to its lipophilic nature, linoleic acid (LA; Sigma: 99% pure) was dissolved in 5 mM EtOH. All other chemicals were mixed in deionized water (dH 2 O) unless otherwise noted.
Experiment 1. CT whole nerve electrophysiological recordings.
Whole nerve electrophysiological recordings were obtained from the CT in urethane-anesthetized (1.5 g/kg body weight) rats using methods from our lab as previously described (2, 3, 8, 39, 40) . The trachea was cannulated and rats were placed in a non-traumatic head holder. Using a mandibular approach, the right CT branch of the facial nerve then was exposed and transected where it enters the tympanic bulla.
The perineurium was removed to the point where the lingual nerve joins the CT and the distal portion of the cut nerve was placed on a tungsten wire electrode. A silver indifferent electrode placed in the muscle near the nerve allowed differential amplification (x 10,000) of nerve activity.
The tongue was slightly extended and held in place with a small suture attached to the ventral surface. Taste stimuli (see below) were applied across the tongue at a constant flow rate of 50 KL/s for 10 s. A custom computer program controlled input to a mixing platform, allowing rapid switching and/or mixing while maintaining continuous solution flow. Between stimuli, the tongue was continuously rinsed to minimize transient thermal or tactile responses. Each taste stimulus was followed by a 90 s rinse to ensure that nerve activity returned to stable baseline levels. NaCl (600 mM) was applied for 10 s at the beginning and at the end of the recording protocol, which typically was ~ 40 min, to evaluate the viability of the nerve. If the response to NaCl at the end of the Whole nerve recordings were obtained from the CT of male (n = 7) and female (n = 6) rats. LA (11, 22, 44 , 88 KM) was applied in ascending order of concentration across the tongue for 10s; responses were normalized to a 30 mM quinine hydrochloride (QHCl) standard. Between stimuli, the tongue was rinsed with dH 2 O (for NaCl and QHCl) or 5 mM EtOH (for LA).
Experiment 1b. Electrophysiological response of the CT to lingual co-application of MSG and LA. Male (n = 10) and female (n = 7) rats were used to obtain CT whole nerve responses to ascending concentrations of monosodium glutamate (MSG; 40, 100 and 300 mM) with and without co-application of 88 KM LA (MSG + LA). To control for the Page 8 of 41 possibility that EtOH affected CT responses, we also applied MSG mixed in 5 mM EtOH (MSG + EtOH). In all cases, responses were normalized to a 300 mM NH 4 Cl standard.
In Experiment 1a we used QHCl as a standard and the modest responses evoked by QHCl were sufficient to assess CT activity, particularly given the lack of responses to LA. In this experiment, we opted to use NH 4 Cl, which produces greater CT responses, to provide better resolution for analyses of the mixed stimulus responses. Between stimuli, the tongue was rinsed with dH 2 O (for NaCl, NH 4 Cl, and MSG), EtOH (for MSG + EtOH), or 88 KM LA (for MSG + LA).
To provide more detailed information about the time course of CT responses, we also measured rise time (the time between stimulus onset and peak response), peak response, and response duration (the time from stimulus onset to return to baseline, including the initial 10s stimulation), each of which were normalized to the corresponding averaged NH 4 Cl response.
Experiment 2: MSG and LA taste preferences.
Male (n = 9) and female (n = 7) rats were placed on a water restriction schedule during which they had daily access to dH 2 O for 10 min in the morning and 30 min in the afternoon until they reliably drank > 7 ml of dH 2 O during the 10-min morning access period. Animals then were given a series of 10-min, 3-bottle preference tests, conducted in the morning, in which taste solution location was random.
To control for order effects, rats were randomly assigned to one of two testing sequences. In one sequence, rats were first tested for their preference for the combination of MSG and LA by providing one bottle of dH 2 O, one bottle of 40 mM MSG Page 9 of 41 + EtOH, and one bottle of 40 mM MSG + EtOH + 88 KM LA on two consecutive days (D1 and D2). On the following days (D3 and D4), the preference for MSG alone was evaluated by providing one bottle of dH 2 O and two bottles of 40 mM MSG + EtOH. It was necessary to use two bottles of MSG (MSG1 and MSG2) to be able to draw direct comparisons to our three-bottle water, MSG and MSG + LA tests. We were unable to directly compare preferences for LA and MSG because our preference tests were limited to three bottles; however, in a previous study (55), we found that the preference for LA in both males and females is slightly greater than that for water (see also 46). The 4-day protocol was repeated with 100 and 300 MSG, for a total of 12 test days. In the second testing sequence, MSG preference tests were conducted on D1 and D2 and MSG-LA preference tests were conducted on D3 and D4. To further ensure that there was no bottle preference, rats had to sample each bottle before the subsequent bottle was put on the cage during all of the three-bottle preferences tests.
In both sequences, intakes were recorded after 10 min and preferences for each solution were calculated as [solution intake (ml)/total intake (ml)]. For each rat, preference scores for each solution at each MSG concentration were averaged over the two test days. Unlike the traditional two-bottle preference test in which a preference score of ~0.5 indicates an indifference to a test solutions, a preference score of ~ 0.33 indicates an indifference between test solutions and a preference score > 0.33 indicates a preference for a test solution; where as a preference score < 0.33 indicates an aversion to a test solution.
Statistical analyses.
Page 10 of 41
Data are presented as group means ± S.E.M. Data were analyzed using appropriate Analysis of Variance (ANOVA; Statistica, StatSoft, Tulsa, OK), as described below. Pairwise comparisons of statistically significant (p < 0.05) main effects or interactions were evaluated using Student Newman-Keuls tests.
Experiment 1: Electrophysiological activity of the CT. Whole nerve responses to the standards (NaCl and QHCl or NaCl and NH 4 Cl) at the beginning and end of testing were compared using a three-factor (Sex x Solution x Time) ANOVA, repeated for Solution and Time. Normalized CT responses to LA by male and female rats were compared using a two-factor (Sex x Concentration) ANOVA, repeated for Concentration.
In initial comparisons of the CT response to MSG with that to MSG + EtOH using three-factor (Sex x Solution x Concentration) ANOVA, it was apparent that EtOH did not alter CT responses to MSG for area under the curve, rise time, peak response or response duration (all ps >0.70; see Figure 3 ). Therefore, for each rat at each MSG concentration, a single value was calculated for each of these measures by averaging the responses to MSG and to MSG + EtOH. These values were used in comparisons with CT responses to MSG + LA using three-factor (Sex x Solution x Concentration) ANOVAs, repeated for Solution and Concentration. Experiment 2: MSG and LA taste preferences. Initial four-factor (Test sequence x Sex x Solution x Concentration) ANOVA revealed no effect of test sequence; thus, these data were combined for subsequent analyses. Fluid intake for MSG and for MSG + LA by male and female rats were analyzed using three-factor (Sex x Solution x Concentration) Page 11 of 41 ANOVA, repeated for Solution and Concentration. Preferences for MSG and for MSG + LA by male and female rats were analyzed using three-factor (Sex x Solution x Concentration) ANOVA, repeated for Solution and Concentration.
RESULTS
Experiment 1a. Electrophysiological response of the CT to lingual application of LA.
As illustrated by the representative raw trace of CT electrophysiological activity ( Figure   1A ), the CT was highly responsive to NaCl and, to a lesser degree, to QHCl. The responses to all concentrations of MSG alone than did males (ps < 0.01). Finally, there were sex differences in the increased response to MSG when LA also was applied. In male rats, 88 KM LA enhanced CT responses to MSG at 40 and 100 mM (both ps < 0.05; Figure 2B ), whereas 88 KM LA enhanced responses in female rats only at 100 mM (p < 0.01; Figure 2D ).
The CT was highly responsive to both NaCl and NH 4 Cl (data not shown); however, the response to NaCl was significantly greater than the response to NH 4 Cl [F Figure 4A vs. 4C). However, LA enhanced the preference for 100 mM MSG in both male and female rats (both ps < 0.01). Finally, water was preferred over MSG and MSG + LA at 300 mM (all ps < 0.01) by both male and female rats.
Ten min intake of test solutions by male and female rats (Table 1, However, LA increased intake of 100 mM MSG by both male and female rats (both ps < 0.01). Finally, intake of water was greater than that of 300 mM MSG by male and female rats, regardless of whether LA was added (all ps < 0.01; Table 1 ).
MSG: 3-bottle tests. There were no sex differences in these 3-bottle tests ( Figure 4B,   D) ; however, post hoc analyses of the significant interaction between Solution and Concentration [F (4, 56) = 0.04, p < 0.001] revealed that rats preferred 40 mM MSG over water (both MSG bottles, p < 0.01), but did not prefer 300 mM MSG over water (both MSG bottles, p < 0.01). There were no differences in preference scores at 100 mM MSG.
Intake of test solutions by male and female rats in these 10-min, 3-bottle tests are shown in Table 1 (bottom). Similar to preference scores, intake of the solutions was not different between males and females. However, post hoc analysis of the significant interaction between Solution and Concentration [F (4, 56) = 9.25, p < 0.01] revealed that rats consumed more 40 mM MSG than dH 2 O (ps < 0.05) and that intake of 100 mM MSG was similar to that of dH 2 O. However, rats consumed more dH 2 O than 300 mM MSG (ps < 0.01).
DISCUSSION
To continue our exploration of fat as a possible potent taste stimulus, we measured the integrated responses of the CT nerve to a broad range of LA concentrations in male and female rats. Although the CT nerve was unresponsive to lingual application of the free fatty acid alone, CT responses to MSG were larger with LA co-application. 
Chorda tympani responses
Consistent with our recent study showing that individual neurons from the geniculate ganglion of male rats were unresponsive to LA (2), we discovered that the whole CT nerve, which innervates the complete taste receptor field on the anterior twothirds of the tongue, was also unresponsive to lingual application of LA (Figure 1 ).
These results are surprising to us given our previous findings that CTX impaired LA taste discrimination in male and female rats (55) . This may be reconciled by the fact that CTX not only eliminates the afferent nerve supply to the anterior tongue, but it also denervates the submaxillary and sublingual glands thereby decreasing saliva production and secretion (7) . This opens the possibility that LA may be unique in comparison to other stimuli and require a chemical background such as the constitutive components of saliva (27) or the presence of other taste stimuli to activate taste receptor cells. In this regard, saliva is rinsed away with water prior to stimulus application in our study to insure a uniform background for all animals during electrophysiological recordings, reducing the likelihood of a CT response to LA. Accordingly, CT nerve responses to
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MSG were greater in a mixture with LA than without in both male and female rats (Figure 2 ). In fact, this enhancement was apparent in both the integrated 10-s response (AUC) and in the amplitude of the peak response, reflecting an increase in stimulus intensity we well as in the duration of the tonic response (Figure 2 B,D; Figure 3A-C) , reflecting a decrease in stimulus adaptation (1) . In contrast, rise time, which correlates with the initial transduction of MSG taste (1), was not affected by LA ( Figure 3D ). In sum, these data provide the first electrophysiological evidence that fats and, more specifically, FFAs enhance responses to gustatory stimuli and suggest that the CT plays a role in such enhancement.
The overall pattern of results was the similar for male and females rats, although there were also notable differences. First, the amplitude of the CT nerve response to MSG was greater in females than males across MSG concentration both alone as well as in mixture with LA (Figure 2A-D whether corresponding work from individual TRCs of the taste bud or single afferent neurons from the geniculate ganglion also will reveal a similar interaction between LA and MSG and the mechanism by which it occurs.
Taste preferences
Both male and female rats preferred 40 and 100 mM MSG to water, but neither preferred the more concentrated 300 mM MSG. In fact, both males and females found this MSG concentration to be mildly aversive (Figure 4) , which is consistent with some (24, 34), but not all (45, 57) behavioral studies. The explanation for discrepancies in taste preferences for 300 mM MSG is unclear, but could be related to methodological differences including test length, maintenance diet, or experience with other tastes. In any event, LA did not influence the aversion to 300 mM MSG in the current study. In contrast, LA increased the preference for weak MSG concentrations in male and female rats. These results parallel the findings observed in Experiment 1b, particularly the concentration-specific sex differences in the effect: wherever LA increased the CT nerve response to MSG, it also increased MSG preference. As with CT responses, the addition of LA increased the preference for 40 and 100 mM MSG in male rats, but only for 100 mM MSG in female rats ( Figure 4A, C) . Thus, CT nerve responses to LA-MSG mixtures predict the fluid preferences of LA-MSG solutions, especially for weak MSG concentrations.
If the main role of LA is to augment the intensity of other solutions in a complex mixture, then it logical to expect that LA should increase preference for weak MSG concentrations until the intensity becomes too strong as seen with higher MSG Page 18 of 41 concentrations and cause an aversion. Extending this logic more broadly, with LA, preferred tastes become more preferred, whereas aversive tastes become more aversive. This is demonstrated compellingly by a recent study showing that LA increases licking responses to sucrose and glucose, but decreases licking to sodium chloride, citric acid, and quinine by rats (48) .
These findings appear to contradict work by Gilbertson and colleagues (23) showing an inverse relationship between fatty acid sensitivity in fungiform taste cells and taste preference. They found that the addition of LA decreased saccharin preference in obesity-prone rats. However, rats prefer saccharin at low concentrations and avoid it at high concentrations (54), which is attributable to a bitter taste component.
Consequently, the LA-saccharin mixture will be even more intensely bitter leading to decreased preference. In fact, obesity-prone rats appear to be highly sensitive to FFAs as they develop stronger conditioned taste aversions to LA in comparison to obesityresistant rats (47) .
Other receptive fields and taste nerves must play a significant role in LA taste transmission because CTX does not completely abolish LA discrimination in behavioral tests. In particular, CD36 is highly expressed in the circumvallate papillae on the posterior tongue innervated by the glossopharyngeal nerve (GL; 15) and consequently may be especially sensitive to FFA stimulation. In addition, lingual lipase is secreted from von Ebner's glands (15, 38) , which also are located in the posterior oral cavity. In this regard, the FFA oleic acid is reported to activate the GL (33) , although in that study, recordings were from the pharyngeal branch of the GL, which innervates receptors in the pharynx that are important in the control of reflexes (33) . Nonetheless, bilateral (17) . On the other hand, stimulation of fungiform papillae with LA alone does not elicit a response in the geniculate ganglion (2) or the CT (current study), but does increase CT responses to MSG, as seen in our current study.
Also, the addition of LA significantly increases the preference for saccharin concentrations that apparently are undetectable without LA (22) . Finally, FFAs inhibit delayed rectifying potassium channels (DRKs) in isolated TRC from fungiform papillae Unfortunately, little work has examined sex differences in preferences to MSG, and the few studies that did (30, 45) suggest that males prefer lower MSG concentrations than do females. We did not find sex differences in preferences for MSG alone. Rather, differences were apparent only with the addition of LA and only at lower MSG concentrations. Sex differences in preferences for LA-MSG mixtures clearly reflected sex differences in CT responses; nonetheless, additional behavioral and electrophysiological experiments will be necessary to determine more precisely which taste component of MSG is enhanced by LA, and how gender influences electrophysiological and behavior responses.
Perspectives
Although investigations of sex differences in taste responses span four decades and have examined taste stimuli from sweet to salt to bitter (4, 5, 8, 9, 11, 13, 14, 35, 51, 58, 59) , little work has focused on the mechanisms that underlie such differences.
Certainly, this is true of sex differences in the taste of MSG and of FFAs such as LA, taste stimuli that have received much less attention. Not surprisingly, then, though there are sex differences in the LA enhancement of CT and behavioral responses to MSG, the mechanism remains unknown. Sex differences in CT responses to LA-MSG taste combinations suggest that the behavioral differences are attributable, at least in part, to differences in peripheral taste processing. Thus, sex differences in receptor affinity and/or in the number of MSG receptors-or in putative LA receptors-might account for the sex differences we observed. Circulating reproductive hormones also could be involved, as estrogen decreases CT responses to NaCl (9) . This possibility seems unlikely to explain sex differences in the LA enhancement of responses to LA, however, as estrogen treatment does not affect licking responses to LA-sucrose mixtures (55) in ovariectomized female rats. Finally, sex differences in peripheral input do not preclude the possibility of sex differences in the central processing of LA-MSG taste mixtures. Figure 1 : CT whole nerve activity in response to lingual application of NaCl, QHCl and LA (11, 22, 44 and 88 KM). 1A: a representative trace of CT whole nerve activity (KV) from a male rat. Gray = raw nerve activity; black = integrated, rectified activity. 1B:
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FIGURE LEGENDS
Mean ± SE normalized CT responses to lingual application of NaCl and LA in male and female rats. 
